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ABSTRACT Scanning force microscopy has been used successfully to produce images of individual protein molecules. How-
ever, one of the problems with this approach has been the high mobility of the proteins caused by the interacfion between the
sample and the scanning tip. To stabilize the proteins we have modified the adsorpbon properties of immuroglobulin G on
graphite and mica surfaces. We have used two approaches: first, we applied glow discharge treatment to the surface to increase
the hydrophilicity, favoring adhesion of hydrophilic protein molecules; second, we used the arginine modifying reagent
phenyiglyoxal to increase the protein hydrophoblity and thus enhance its adherence to hydrophobic surfaces. We used scan-
ning force microscopy to show that the glow disharge treatment favors a more homogeneou distibuon and sbtoger ad-
herence of the protein molecules to the graphite surface. Chemical modification of the immunoglobulin caused increased
aggregation of the proteins on the surface but did not improve the adherence to graphite. On mica, dusters of modified
immunoglobulins were also observed and their adsorption was reduced. These results underline the importance of the surface
hydrophobicity and charge in controlling the distribution of proteins on the surface.
INTRODUCTION
Scanning force and scanning tunneling microscopy (SFM
and STM) are useful techniques that allow the observation
of the surfaces of adsorbed biomolecules with nanometer
resolution (Jahanmir et al., 1992). One advantage of using
these techniques with biological systems is their ability to
operate either in air or in aqueous buffer, minimizing sample
preparation and allowing observation of in vitro processes
(Lyubchenko et al., 1993; Tin et al., 1990; Chang et al.,
1993). However, the great progress in the immobilization of
biomolecules the effort is mainly focused on nucleic acids
rather than globular proteins. Thus, the observation of these
biomolecules is still developing.
For our studies, we used the protein immunoglobulin G
(IgG). The three-dimensional structure of this protein has
been solved by x-ray crystallography (Sarma et al., 1971;
Silverton et al., 1977), and the protein has been observed by
transmission electron microscopy at high resolution
(Ryazantsev et al., 1990). It is a relatively large protein, with
dimensions of 14 X 10 x 4 nm, and it has already been
imaged by STM at moderate resolution (Leatherbarrow et al.,
1991; Olk et al., 1991; Muller et al., 1993). However, many
groups have reported difficulties with the reproducibility and
reliability of the images of such biomolecules obtained by
scanning probe methods (Clemmer and Beebe, 1992). We
therefore directed our studies to increasing the reproducibil-
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ity and stability of the images obtained rather than concen-
trating on the resolution.
Scanning probe microscopy requires atomically flat sur-
faces. Most studies have used either mica or highly orientated
pyrolytic graphite (HOPG). Mica has a higher surface energy
and the interactions are often strong enough to immobilize
molecules on the surface during the scan, but it cannot be
used for STM, as mica is insulating. On the other hand,
HOPG is conductive, but the interactions between molecule
and surface are very weak and the adsorbates are easily
moved by the scanning tip (Salmeron et al., 1990). We there-
fore attempted to increase the reactivity of the HOPG surface
using the glow discharge (Gombotz and Hoffman, 1987).
This technique is routinely applied in electron microscopy.
We previously used it to stabilize the T4 bacteriophage (Droz
et al., 1993), leading to a more homogeneous distnrbution and
increased adherence of viruses on the surface without the
need for covalent coupling. Another possible approach is to
chemically modify the surface properties of the protein. We
used phenylglyoxal, which reacts with the surface arginine
residues eliminating their positive charge and enhancing
their hydrophobicity (Takahashi, 1968).
In this paper, we show the effect of modification of the
substrate and protein on the strength of their mutual inter-
action. From our results, it is clear that understanding this
interaction is of fundamental importance to the application
of scanning probe techniques in biology.
MATERIALS AND METHODS
Protein purification
Lyophilized polyclonal human IgG (Sigma Chemical Corp., St Louis, MO)
was dissolved in deionized water to a concentration of 500 pg/mi, and 100
p1 was desalted using PD1O G25-M (Sephadex) gel filtration column in 20
mM ammonium acetate buffer, pH 7.0. SDS-PAGE was carried out using
S-25% Phast gradient gels (Phamacia, Upjsala, Sweden) to check the qualty
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of the IgG sampies and the effect of the purifKatim process The samples are
either naive lgG oxr procin reced with 100mM q Te
were staned with 02% Coemsie ixilait blue R-250
Protein modifcation
The surfac accessible argine residue were modfed usin phenyiglyoxal
10 mg lyophiyzed IgG were resuspended in buffer and incubated m 50mM
HEPES bufferpH 85, containing 25 mM [7-' nphenylglyoxal (225 mCi/
mmol; Amersham Corp, Aringtn Heights, IL), at 37°C At five interals
over a 2-h period, a50 Ad aliquot was removed from the reaction and passed
through a PD10G 25-M gel filtration column (Pharmacia) mto the same
buffer to remove excess reagent and pfevent further modificatio The
double Schiff base formed by the reactio with phenylglyoxal was then
reduced by NaBH4 (Fig. 1) to a final concentton of 20 mM and
inating for 16 h at 25°C. The final product was dialyzed against 50mM
HEPES bufferpH 85 for 24 h. TIhe number ofarginDe side chains modifid
was determined from the in aion of [7-CJphenylglyoxaL 50-.l ali-
quots of the reacton were filtered dtough pre-wetted niCellose filtes
(Schleicher and Schuell, Keene, NH) The filters were washed with 10 ml
buffer and dried in air before bei scntilati cmunted using 5 ml Op-
tiphase "HiSafe" n scintillant (LKB, Parmacia) TIe hange in isoelectric
poit of the Ig upon mod was monhored by isoelectric focusing
(IEF; noffman, 1977) Polacylamide gels (1KB PAGplate) with a pH
gradient hf 35 to 95 were used, and the gels were sained with 0.2%
Coomassie brlliant blue R-250. Protein c aions were determined
UV absoqrion at 280 nm- The prtemins were aliquoted in 100 pl
frions and stored at -20°C. The data were fitted to an equatio for a
frstd expon al a aL to(A = A e) using Grafit
3.01 (lathrbarrow, 1992)
Surface modication and analysis
Freshly claved HOPG (ZYB; Unin Carbide, Ckvelnd, OH) was either
used diretly or tated bygw dis ge ( ade system adapted to a
BAF 400 power supply, Balzers Union, Balzers, FL) to increase the by-
drophilicity of the surface. A gas discharge was obtained by applying a
potential dfference of 800 VDC between two elecaodes at an ai pressure
of 10-2 mbar and a current of 5 mA. Samples were exposed for 20 s. Mica
sheets (Balzers Uniox, FL) were used freshly cleaved The increase in mac-
roscopic hydrophiiity was obtained by measuring the static contact angle
of a 1-;d water droplt on the surface. The chemical effect of the glow
discharge on HOPG was investigated usig Auger Eectron Spectroscopy
(AES; Varian, Lexington, MA). After the glow discharge ent, the
samples were analyzed under ultrahigh vacuum (UHV) at less than 10-9
mbar. The spectra were obtained with a cylindical mirr analyzer in the
first derivative mode at a primary beam energy of 2000 eV and 5 V peak-
to-peak modulatio of the pass energy. The modificaio induced by the
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FIGURE 1 Mechanm of agn amino ad labelig with phenyl-
glyoxal, and redction with NaBH4.
FIGURE 2 (A) SFM mages of agg ates of IgG adsorbed on freshly
cleaved HOPG without glow discharge. (B) SFM images of purified IgG
adsorbed on cleaved and glow-discharged HOPG. Individual proeins are
observed firmly adsorbed on the surface. The scan rate is 0.7 Hz. The scale
bar corresponds to 1 pim. The vertical black-to-white scales are 8 nm and
3 nm, respectively.
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TABLE 1 Effed of Aow c go on contac a.d
Smtaem _mm
HOPG
Mi~ca
-Gl +±Glow (-glow
Parameter d dg d )
Con angl (O)* 61 28 <10
SFM valucs (nm)
Peak-to-valley 0.50 3.30 0.36
RMS of surface roughness 0.10 0.30 0.10
* Cona angle was meased on a static droplet of water on the surface.
glow discharge en the topmost atomic crystaine layer was studied usig
ow eletr ener iffraction (OmCbon, Taunustein, Germany) at 0.5 LA
impingingm and 61 eV p ar enezrg.
- mthod
Ig ws diluted in 20 m ammo ace buffr pH 6.8 at a coan-
tration of 10 pg.gmL This volatile buffer was chosen to prevent sal pre-
ipittion antd dponits endiesure aferdryig.lesc have ben shown
to mask the shape of the adsobed in later r ts where
we were c i o 1b of modified ad unmodified IgG,
sampks were diluted in distiled water at the samc proten Cc ation.
In all cass the aspo was caried out shees of mica or grAphite
deposited oen top of 20-;I droplets of protein soluion for 5mi at 25°C.
The samples were then rinsed twice on drops of distilled water. Excess
liquid was witdrawn with a filter paper (Schleicher and Schuell) and
the sample alled to dry in air. We pref this method because only
the affinity of the molecules with the surfce was important in deter-
mining their coverage and distribuion (there is no contribution of sedi-
mentation effects).
Scanning force mi oy
SFM was carried out in ambient c itions aParkS ifinsumnts
universal system (Sunyvak, CA) wih a scan sie of 10 gan
Mrofabricated Sa34 tips
dN HOP(
[ati
FIGURE 3 Auger spectra of freshly ceaved
HOPG before and after the glowdis ge.
sping constant of 0.064 N/rn were used. The typical loading force was 10-
N in air. The imageswere roaded at a hequency of 03-1.5 Hzline on 256
x 256 pixels. No epo g was perfomAe except for lnear back-
grUd baci
RESULTS AND DISCUSSION
Modificatio of HOPG surface by glow disharge
A typical SFM image of the IgG molecules deposited on the
freshly cleaved HOPG is presented in Fig. 2 A. Aggregates
of several molecules are visible aligned along graphite steps
or cut by the scanning probe, as indiated by the horizontal
white stripes. Most of scanning probe microscopy studies of
isolated biomolecules report such difficulties in imagig be-
cause of motion of the molecules on the surface caused by
the interaction of the scanning tp with the samWle (Nawaz
et al., 1992).
To imProve the adherence of the molecules on HOPG,
glow discharge was used. Fig. 2B illustrates the effect of this
teatment on the seading of the IgG. It can be seen that the
molcules are homogeneously distibuted and almost iso-
lated and not packed at the step on the left side of the image.
The protein- inteions are clearly stonger than the
protein-protein interactions. The antibodies appear as dis-
crete units of about 2.5 nm height and 15-30 nm width. This
compares with a molecular size of 14 nm x 10 nm X 4 nm
as detemined by x-ray crystallography (Silverton et al.,
1977). In STM studies the individual domains of the IgG
have been resolved; however, the measured dimensions of
isolated protein has ranged approximately from 40 nm X 28
nm X 2 nm (Leatherbarrow et al., 1991) to 16 nm x 10 nm
x 2 nm (Miller et al., 1993). The variation in the lateral
dimensions that we see could be caused by any of three fac-
tors. First, all scaning probe microscopies are subject to a
combination of the tip shape and samWle topography in the
resulting images, which limits the resolution, i.e., enlarges
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the observed structures. Second, it can be due to the forma-
tion of dimers, which exist chemically (Hoffman, 1977).
Third, this increase may be promoted by the remaining
solvent (see below).
To explain the improvement in the adsorption of the IgG
on glow discharge and native HOPG, we characterized the
modified surface by the static contact angle ofa drop ofwater
deposited on the surface. This is a measure of hydrophilicity
of the surface, which increased with the tratment; after the
modification of HOPG the angle decreased from 61 to 280
(Table 1). The glow discharge clearly oxidized the HOPG
surface. Before treatment, the Auger sectrum displayed
only the peak for carbon (Fig. 3). No contaminants were
A
B
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FIGURE 4 SFM mages of deaved HOPG untred (A), and glow dis-
charged in air (B). A step is observed on the right part on both images. The
scan rate is 1 Hz. The scale bar corresponds to 100 nm, and the vertcal
black-to-white scak is 15 nm
FIGURE 5 (A) SFM image of IgG at 6 pgnJml adsorbed on glow-
discharged HOPG. The substrate roughness induced by the treatment is
visibl in the protein-free MguOns The scale bar correonds to 100 nm, and
the vertical black-to-white scale is 1-5 mn (B) Profile of (A), across
two IgG, which shows the influence of the "trappig effect" mentioned in
the text
present on the freshly cleaved surface. After the glow dis-
charge, the main change in the spectrum is an increase of the
oxygen signal (Fig. 3) indicating that the major reaction pro-
moted by the treatment is the oxidation of the surface.
Before the treatment, low electron energy diffaction stud-
ies of the HOPG surface showed sharp concentric diffraction
rings typical of crystallites oriented along the normal surface
but randomly oriented in the plane. On the treated surface
these sharp rings were no longer observed, implying a dis-
ordering of the surface. This was also confirmed by the com-
parison between SFM images of freshly cleaved (Fig. 4 A)
and glow-discharged HOPG (Fig. 4 B), which showed that
the glow discharge increases the roughness of the surface by
the creation of defects and reactive sites. The numerical re-
sults for the peak-to-valley and root-mean-square roughness
obtained by SFM show an increase of 3 mm (Table 1). Pre-
vious experiments with STM have shown that electrochemi-
cal oxidation of graphite modifies the surface structure in the
same way (Gewirth and Bard, 1988).
The increase ofroughness promoted by the glow discharge
is more visible in Fig. 5 A at lower protein concentration and
.l
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higher resolution than in Fig. 2 B. A profile across two in-
dividual molecules in the middle of the image is presented
in Fig. 5 B. The difference between the apparent substrate
roughness with or without the proteins is attnrbuted to
changes of the tip shape (e.g., sticking of proteins, buffer
components, etc.). The defects created by the treatment can
help to trap or anchor the molecules on the substrate and
avoid their displacement by the tip compared with the atomi-
cally flat native HOPG. Those surface irregularities are not
the only parameters affecting the adhesion of the IgG. The
increased hydrophilicity observed is also responsible for the
stronger adherence of the proteins. The hydrophilic interac-
tion between the protein and the surface is strong enough to
prevent the diffusion of the molecules or the removal by the
scanning tip and therefore the formation of aggregates. Glow
discharge clearly enhances the interaction with the surface.
Similar results have been obtained by chemical oxidation of
HOPG surfaces (Heckl et al., 1989; Lyubchenko et al., 1991).
Effect of protein purificaon
Many proteins are stored in the presence of sugars or non-
volatile buffers to enhance their stability (Scopes, 1986). The
removal of these nonvolatile components is essential for
SFM imaging. These low molecular weight contaminants
hinder the adsorption of the proteins on the surface and also
lower the image contrast by an embedding effect (Droz et al.,
1993). Once these components were removed by gel filtra-
tion the IgG molecules appeared clearly as individual objects
on the surface as shown in Fig. 2 B. In contrast, when non-
purified IgG samples were imaged they showed much more
variability in size up to a maximum of 200 nm. In addition
the molecules were less well adsorbed and could be easily
displaced during the scan, creating the windows seen in
Fig. 6A. At higher protein concentration the adsorbates could
be deformed by friction phenomena that generated wavelike
patterns, which lead to difficulties in the interpretation of the
images (Fig. 6 B).
Modffication of IgG surface by phenylglyoxal
Another method for changing the interactions of proteins
with the substrate is modifying the surface of the molecule.
Increasing the hydrophobicity of the protein should increase
their adsorption to a hydrophobic surface as HOPG. This is
effectively a reversed-phase method for adherence of the
antibodies. We used phenylglyoxal to increase the hydro-
phobicity of IgG. This reacted with the side chains of argi-
nine residues in the protein eliminating the charge and
inceasing its hydrphobicity. Measurement ofthe inorpoation
of [14C]-phenylglyoxal showed an exponential apprach to an
equilibrium value of 8.197 + 0341 resies modified per pro-
tein molecule at a rate constant of 0.044 ± 0.007 min-' at pH
85 and 25 mM phenylglyoxal (Fig 7 A). This incorporation
caused a change in the isoelctric point of the IgG, as can be
seen by the shift of the bands on an LEF gel with respect
to the unmodified IgG (Fig. 7 B). Samples of protein
taken at 120 min, where eight arginine residues were
modified, were reduced and used in further experiments.
The adsorption properties of the modified antibodies were
compared with the native antibodies by SFM. When HOPG
was used as a substrate, the images with modified protein
were similar to those obtained with unmodified protein. Only
large aggregates were observed and the adsorbates easily
removed by the tip. The hydrophobic interaction alone was
too weak to stabilize the IgG on the hydrophobic HOPG
surface. Clearly, the adsorption of the modified IgG to such
surface by a reversed-phase method is not sufficient to in-
crease the adherence. To confirm that the modification of the
B
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FIGURE 6 SFM images showing typical artifacts observed with unpu-
rifiod samples ofIgG adsorbed on cleaved and glow-discharged HOPG. (A)
W-ndows ated by moklece displcement. (B) Plastic deformaton of the
suifac adhrbafes and moleculs. The scan rate is 1 Hz- The scale bar orre-
sponds to 1 pm The vertical black-to-white scale is 8 mm for both images
1 320 Bio~ Jtmal
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IgG can alter its adsorption properties we repeated the
experiments using mica as a substrate. On this hydrophilic
substrate (Table 1) we expected a weaker adhesion for
the phenylglyoxal modified than for the unmodified
molecules.
Unmodified IgG can be homogeneously distributed on
mica (Fig. 8 A). The height of the molecules is about 3-5 nm
and the lateral size is between 20 and 35 nm. We found out
that the molecules are stable even after more scanning of the
same area. When the protein was modified with phenylg-
lyoxal a lower amount of IgG was adsorbed (Fig. 8 B). The
observed height of the IgG was much less in this case, about
2 nm, and the width ranged from 30 to 40 nm As predicted,
we conclude that the adhesion of the modified molecules on
the hydrophilic mica was weaker. This is confirmed by the
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FIGURE 8 SFM images of (A) native, m fied Ig adsoed on
cleaved mic, and phenylglyoxal modified IgG (B). The scale bar cone-
sponds to 1 pun, and the vertical black-to-white scale is 4 mn
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FIGURE 7 (A) Number of arginine residues modified during the modi-
fication reacin with phmenylglyoxaL (B) iEE gel of the IgG modificatio
with phenylglyoxal Lane 1 shows marker proteins of kwn isoelectric
point lane 2 shows polyclonal IgG unmodifed, and lanes 3-7 show the
time course reaction of modification after 15, 30, 60, 120, and 240 mn
respectively.
observation of aggregates with lateral sizes of several hun-
dred nm on other areas of the sample (data not shown),
which indicates a more heterogenous distribution of the
modified IgG. This phenomenon only takes place with the
modified molecules and demonstrates that the molecule-
to-molecule interaction is as important as the interaction
with the substrate.
From these experiments we have shown the deleterious
effect of increasing protein hydrophobicity. A chemical
modification to enhance the hydrophilicity of the protein sur-
face (analogous to theglow discharge treatent for the substrate)
is not practicable. No mild exist for inceasing the hy-
drophilicity of hydrophobic protein side chains, and in many
ces these side chains tend to be inside the protein.
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Observed m ularmei
To descnrbe the various observed dimensions of the IgG we
made a ati of height and width ofthe proteins onHOPG
and mica (Fig. 9 AB, respectively). There was a wide scat-
tering in the size ofthe moleules adsorbed on native HOPG.
Large etes of several hundred n as well as
a few individual IgGs were observed around 30 nm in width
(Fig. 9 A, filled triangles). When the graphite was glow-
discharged in air more isolated molecules were obtained
(Fig. 9 A, empty squares). This effect is ilusaed by a
smailer dission in the dimension of the measured mol-
ecules. The dimeins of an individual molecule are not
correct when compared with the x-ray data (Sarma et al.,
1971) The m width of the IgG is enl be of the
geometry of the tip and also bcu of the aiedfe on the
samplewhhapre testheneusasdisplayedby the ow
height valueh Howve, this can be an arfifa caused by the
defes of the glowd where the molecules can be
"trapped in thei of the substrate (see Fig. 5 B).
The dimensions of the native IgO adsorbe on mica can
be into two pouaions (Fig, 9 B, empty squares).
A
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FIGURE 9 Graphs of IgG dimSi
ed on variou smpks, on diffeent
areas. The total width of the isolated or ag-
gregated protes is measred. (A) Dmen-
sins of native IgG aorbed on cleaved, na-
tive (empy squares4 or glow-discared
(filled triangles) HOPG. (B) Dimension of
native (empty squares), and phenylglyoxal
modified (fled triangles) IgG adsogbed on
cleaved mica
O -
0
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Isolated proteins had dimensions from 22 to 35 nm in width
and 1.5 and 2.5nm in height; in the same observed area were
aggregates of higher dimensions, probably dimers or trimers
(see Fig. 8 A). The phenylglyoxal-modifled IgG can also be
clasified into two groups, the isolated molecules that are
larger than the native individual IgG, and very large aggre-
gates (Fig. 9 B,filed triangles). The differences in height
of the isolated molecules were due to the applied force
on the sample, which changed from one experiment to
another because the adhesion force cannot be controlled.
Comparison of the lowest values of height obtained on
mica (0.7 nm) with those obtained on glow-discharged
HOPG (03 nm) points toward the "tapping effect" of this
ratment. Thus, molecules in the size range of IgG seem to
be the sallest protemins that can be identified from the sur-
face on glow-discharged HOPG.
CONCLUSION
We have shown that SFM is a suitable technique for inves-
tigation of protein adsorption. We adopted two appraches
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to find out some of the interactions influencing the adsorp-
tion: first, the modification of the hydrophobic HOPG sub-
strate by glow discharge and second, the modification of the
molecules by phenylglyoxal. After glow discharge treatment
of the HOPG, thanks to the increase of surface roughness and
hydrophilicity, the IgG molecules exhibited a better adhesion
to the substrate and were not swept away by the scanning tip.
Moreover, the distribution was more homogeneous and no
aggregates were observed.
The phenylglyoxal modification of the IgG influences the
hydrophobic-hydrophilic interaction: the modified mol-
ecules are more hydrophobic; thus, their adsorption on hy-
drophilic mica is decreased, and more aggregates are ob-
served than in the unmodified proteins. The modification of
IgG to increase their adsorption has aLready been performed
by protein engineering (Ill et al., 1993), a technique that is
very specific but more fastidious for immobilizing protein on
surface.
One otherway to immobilize the protein is to functionalize
the surface to enable a covalent coupling of the molecules.
This is restricted to a few surfaces such as gold. Self-
assembly monolayer or thiol group reagents have been used
successfully to immobilize protein (Leggett et al., 1993).
This method, which enables a stable adsorption of molecules
by preventing their movement, is now under investigation in
our laboratory.
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